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We study the time evolution of a conformal field theory deformed by a relevant operator under a
smooth but fast quantum quench which brings it to the conformal point. We argue that when the
quench time scale δt is small compared to the scale set by the relevant coupling, the expectation
value of the quenched operator scales universally as δλ/δt2∆−d where δλ is the quench amplitude.
This growth is further enhanced by a logarithmic factor in even dimensions. We present explicit
results for free scalar and fermionic field theories, supported by an analytic understanding of the
leading contribution for fast quenches. Results from this Letter suggest that this scaling result,
first found in holography, is in fact universal to quantum quenches. Our considerations also show
that this limit of fast smooth quenches is quite different from an instantaneous quench from one
time-independent Hamiltonian to another, where the Schrodinger picture state at the time of the
quench simply serves as an initial condition for subsequent evolution with the final Hamiltonian.
1. Introduction: Quantum quenches involve changing
one of the parameters of a quantum system and then fol-
lowing its subsequent evolution. Recently, a great deal
of attention has been given to the study of such systems,
mainly because they have become available in labora-
tory experiments [1]. A particularly interesting class of
quenches are those which involve a critical point at either
an initial, final or intermediate stage of the quench. In
this case, one expects that the subsequent time evolution
carries universal signatures of the critical point. Indeed,
for quenches which start in an initially gapped phase, it
has been conjectured that for slow quenches various phys-
ical quantities obey scaling properties in the critical re-
gion known as Kibble-Zurek scaling [1, 2] which involves
the equilibrium and dynamical critical exponents. At the
other extreme, for instantaneous quenches to a critical
point, Calabrese and Cardy [3, 4] demonstrated various
universal characteristics and obtained exact results in two
dimensions using methods of boundary conformal field
theory. Further scaling relations for the fidelity suscep-
tibility were found by studying instantaneous quenches
with small amplitude [5].
The study of quenches can also produce new insights
for questions related to understanding the development
of thermal behaviour. Motivated largely by the study
of thermalization of the strongly coupled quark-gluon
plasma [6], quenches have become an active topic of study
within the framework of gauge/gravity duality. The
AdS/CFT correspondence provides a particularly useful
tool to analyze these kind of processes, since it allows
the possibility of studying strongly coupled theories, to
follow the real time evolution of the system and to easily
vary other parameters such as the space-time dimension
and/or the temperature. Indeed, in recent years holo-
graphic methods have thrown valuable insight into issues
of thermalization [6], universal Kibble-Zurek behavior in
critical dynamics [7] and the dynamics of relaxation fol-
lowing quench across a critical point [8].
In [9, 10], a new set of scaling properties in the early
time behaviour were found in the holographic analysis of
smooth but fast quantum quenches where a critical theory
was deformed by a relevant operator O∆, with confor-
mal dimension ∆, with a time dependent coupling λ(t).
Specifically, if δλ denotes the amplitude of the quench
and δt is the time scale of the quench duration, it was
found that for fast quenches (i.e., when δλ(δt)d−∆  1),
the change in the (renormalized) energy density δE scales
as δλ2/δt2∆−d and the peak in the (renormalized) expec-
tation value of the operator 〈O∆〉 scales as δλ/δt2∆−d.
In fact, the growth in the expectation value is enhanced
by an additional logarithmic factor for even d if the ∆ is
an integer and for odd d if ∆ is a half integer. The same
scaling holds for a reverse quench, i.e., a quench from a
gapped theory to the critical theory. Note that in the
limit δt → 0, these scalings yield a physical divergence
when the conformal dimension is greater than d/2.
The divergences noted above for the limit δt→ 0 seem
to imply that infinitely fast quenches cannot be physi-
cally realized. This conclusion is clearly at odds with the
extensive studies of these processes, e.g., [3–5], where an
‘instantaneous quench’ is introduced as the starting point
of the analysis. In these studies, there is an instantaneous
transition from an initial (time-independent) hamiltonian
Hi to a final (time-independent) hamiltonian Hf at a
time t0. Then an initial state set at t → −∞ evolves
to some state |ψ0〉 at t = t0 by evolution with hamilto-
nian Hi. This latter state then acts an initial state in
the time evolution for t > t0 with the new hamiltonian
Hf . In contrast, the smooth fast quenches we consider
involves time evolution with a time dependent hamilto-
nian which is a smooth function of time. A significant
aspect of our work is to understand how the fast limit of
a smooth quench generally produces quite different be-
haviour from the instantaneous quenches considered in
[3–5].
Of course, there is no a priori reason to expect that
the results in these two analyses should be similar. The
holographic studies deal with a rather special class of
strongly-coupled large-N CFTs, that are clearly different
from, e.g., the weakly coupled field theories considered
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2in [3, 4]. However, in this Letter we will argue that the
scaling results of [9, 10] for fast but smooth quenches
are in fact quite general. We first support this claim
by demonstrating that the same scaling behaviour arises
even in quenches of simple free field theories. Further we
are able to argue that the same scaling result holds for a
broad class of quenches of CFT’s.
2. Quenching a free scalar field: We begin here by
analyzing mass quenches for a free scalar field φ in a gen-
eral spacetime dimension d. In particular, we consider a
time-dependent mass which makes a smooth transition
from some nonzero value m at early times to zero at
asymptotically late times, with a profile which allows an
exact solution for arbitrary quench rates. In the limit,
δt → 0, the profile yields an instantaneous transition
from m to zero and so allows for a direct comparison to
the results of [3, 4]. However, our analysis is guided by
the holographic analysis of [9, 10]. From this perspective,
the time-dependent coupling is λ(t) = m2(t) while the
operator isO∆ = φ2 with conformal dimension ∆ = d−2.
In the fast quench limit, we will demonstrate that the
same scaling behavior discovered in the holographic anal-
ysis [9, 10] appears here for the suitably renormalized ex-
pectation value, 〈O∆〉ren ∼ δλ/δt2∆−d = δλ/δtd−4. In
fact, our analytic results also reveal an additional loga-
rithmic enhancement of this scaling for even d, which is
again in agreement with the holographic analysis. Fur-
ther, comparing our analysis to [3, 4], we show that our
momentum-space correlation functions reproduce the re-
sults of an instantaneous quench in [4] only when the time
scale for quench is small compared to all of the relevant
momenta, as well as being small compared to the initial
mass.
Our choice for the profile of the mass is
m2(t) =
m2
2
(1− tanh t/δt ) , (1)
that interpolates betweenm2(t = −∞) = m2 andm2(t =
+∞) = 0. Hence we start in a massive theory and we end
with the massless case. Luckily, the scalar field equation,(
+m2(t)
)
φ = 0 , (2)
with this profile (1), was studied previously as an ex-
ample of quantum fields in a cosmological background
[11, 12]. Hence exact analytical solutions for the mode
functions are known with
φ =
∫
dd−1k
(
a~k u~k + a
†
~k
u∗~k
)
, (3)
where u~k are the in-modes
uk =
1√
4piωin
exp(i~k · ~x− iω+t− iω−δt log(2 cosh t/δt))
× 2F1
(
1 + iω−δt, iω−δt; 1− iωinδt; 1 + tanh(t/δt)
2
)
(4)
with ωin =
√
~k2 +m2 and ω± = (|~k|±ωin)/2. The oper-
ators a~k above are defined to annihilate the in-vacuum,
a~k|in, 0〉 = 0. Now it is straightforward to compute the
expectation value
〈φ2〉 ≡ 〈in, 0|φ2|in, 0〉 = 1
2(2pi)d−1
∫
dd−1k
ωin
|2F1|2 . (5)
Of course, this expectation value (5) contains UV di-
vergences associated with the integration of k = |~k| → ∞.
The standard approach to deal with these UV diver-
gences is to add suitable counterterms involving the time-
dependent mass to the effective action, as in the holo-
graphic renormalization of [9]. The approach is in fact
identical to renormalization of quantum field theories in
curved space-time, with the time-dependent mass playing
the role of a background metric. In this latter case, the
counterterms consist of all diffeomorphism invariant op-
erators upto dimension d which can be constructed from
the field and its derivatives, as well as geometric tensors
constructed from the background metric. In the present
case, this means that we should add counterterms which
involve powers of the mass as well as time derivatives of
the mass. While we will describe this approach in more
detail for the present quenches in [13], here it is sufficient
to identify the contributions of these counterterms which
render eq. (5) finite. Hence let us write the renormalized
expectation value as
〈φ2〉ren ≡ Ωd−2
2(2pi)d−1
∫
dk
(
kd−2
ωin
|2F1|2 − fct(k,m(t))
)
.(6)
where fct(k,m(t)) designates the counterterm contribu-
tion and Ωd−2 denotes the angular volume of a unit (d–
2)-dimensional sphere.
The counterterm contributions are readily identified by
considering slow quenches and employing an adiabatic
expansion [12], as we now sketch. First, we define the
‘adiabatic’ modes as
u~k =
1√
4piΩk
exp
(
i~k · ~x− i
∫ t
Ωk(t
′)dt′
)
(7)
for which the (bare) expectation value (5) becomes
〈φ2〉 = Ωd−2
2(2pi)d−1
∫
dk
kd−2
Ωk
. (8)
In order for these modes to satisfy the Klein-Gordon
equation (2) with a time varying mass, Ωk satisfies
Ω2k = k
2 +m2(t)− 1
2
∂2t Ωk
Ωk
+
3
4
(
∂tΩk
Ωk
)2
. (9)
Now the adiabatic analysis is applied by solving eq. (9)
with the assumption that time-derivatives of the mass
are small, i.e., ∂nt m  mn+1. Given this solution, one
can identify the UV divergences in eq. (8) by expanding
the integrand for large k, i.e., ∂nt m  kn+1. The final
3result takes the form
fct(k,m(t)) = k
d−3 − k
d−5
2
m2(t) +
kd−7
8
(
3m4(t)
+ ∂2tm
2(t)
)− kd−9
32
(
10m6(t) + ∂4tm
2(t) (10)
+10m(t)2 ∂2tm(t)
2 + 5∂tm(t)
2 ∂tm(t)
2
)
+ · · · .
The terms above should only be included only if the
power of k greater or equal to −1. Hence eq. (10) shows
the counterterm contributions needed to renormalize the
expectation value (6) up to d = 9. Let us emphasize
that here we are using the adiabatic limit simply as a
convenient approach to identify the counterterm contri-
butions, however, these same terms (10) still renormalize
the expectation value (6) for arbitrary mass profiles and,
in particular, for quenches with δt → 0. The physical
intuition behind this expectation is that the very high
momentum modes should be insensitive to the quench
rate, i.e., changing δt does not affect physics at the reg-
ulator scale Λ, as long as Λδt 1.
As an independent check, we have verified that pre-
cisely the same counterterm contributions (10) appear in
directly making a large k expansion in eq. (5). First we
define dimensionless parameters, κ = mδt and q = kδt,
and then expand for small κ at fixed q in the series rep-
resentation of the hypergeometric functions
2F1(a, b; c; z) =
∞∑
n=0
(a)n(b)n
(c)n
zn
n!
, (11)
where (x)n = x(x+ 1) · · · (x+ n− 1) (and (x)0 = 1) and
with a, b, c, z defined as in eq. (4). Now while every term
in the above series has a κ2 contribution, only the first
few terms contribute in eq. (5) after integrating. The UV
divergent terms in the integral are removed as in eq. (6)
by subtracting a few extra terms with definite powers
of q. The coefficients of these terms have a complicated
time dependence, however, we have verified that they
precisely match the expressions in eq. (10) for the given
mass profile (1).
Though the above discussion applies for a general
space-time dimension, we should distinguish between odd
and even dimensions. When d is even, apart from the
usual power-law divergences, we also find logarithmic di-
vergences, i.e., eq. (10) contains a k−1 term. Hence, for
even d, we also need to add a renormalization scale k0 in
defining the renormalized expectation value (6). The ap-
pearance of this scale reflects new scheme-dependent am-
biguities which can arise with time-dependent couplings
[9]. Taking account of this additional complication, we
are now able to compute the expectation value of 〈φ2〉ren
for any dimension.
It is straightforward to evaluate eq. (6) numerically. As
an example, figure 1 illustrates the result for d = 5 for
various values of δt. Certainly, we see in the figure that
the peak of the expectation value grows as δt becomes
smaller. To evaluate this growth quantitatively, consider
a log-log plot of the expectation value at t = 0 versus
δt, i.e., 〈φ2〉ren(t = 0) as a function of δt, in figure 2.
The slope of a linear fit to this data is very close to one,
indicating 〈φ2〉ren(t = 0) ∝ 1/δt for d = 5. In fact, we
considered spacetime dimensions 9 ≥ d ≥ 3 in figure 2
and our numerical results indicate that generally 〈φ2〉ren
scales as δt−(d−4), which matches the scaling behaviour
uncovered by the holography analysis [9, 10]. Note that
for d = 4, the naive formula suggests that 〈φ2〉ren(t = 0)
is independent of δt, but instead we found a logarith-
mic scaling, which again matches the holographic results.
The holographic analysis [9, 10] further suggests that the
power-law growth should be enhanced by an extra log-
arithmic factor for general even d. Unfortunately, we
found that the fits to our numerical results are only sensi-
tive to this logarithmic enhancement for d = 4, in which
case, it actually provides the leading scaling behaviour
— however, see our analytic results below. Finally, it is
noteworthy that the above scaling continues to be valid
for d = 3, where we find that the expectation value scales
as δt, i.e., 〈φ2〉ren(t = 0) vanishes rather than diverging
as δt→ 0. This case is examined more carefully in [13].
-4 -2 0 2 4 6 8 10
-0.0015
-0.0010
-0.0005
0.0000
0.0005
t∆t
<
Φ
2 >
re
n
-
<
Φ
2 >
re
n
ad
ia
ba
tic
FIG. 1: (Colour online) Expectation value 〈φ2〉ren as a func-
tion of t/δt for different values of δt with d = 5. The values
of δt correspond to 1, 1/2, 1/3, · · · , 1/10, with their peaks in-
creasing as δt becomes smaller.
In addition, we note that, in fact, it is not only the
peak value of 〈φ2〉ren that exhibits the scaling observed
above. Rather in the limit of fast quenches, the entire
response approaches a universal form with this scaling,
as illustrated in figure 3. This figure shows the expecta-
tion value scaled by δtd−4/m2 as a function to t/δt for
the case d = 5. We see that the full response collapses
down towards a single universal curve as δt→ 0. In fact,
extending the κ expansion described above, we can ob-
tain an analytic expression for this universal behaviour
in the δt → 0 limit. For odd d ≥ 5, we find the leading
contribution takes the form
〈φ2〉ren = Ωd−2
2(2pi)d−1
(−1) d−12 pi
2d−2
∂d−4t m
2(t) +O(δt−(d−6)).
(12)
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FIG. 2: (Colour online) Expectation value 〈φ2〉ren(t = 0) as
a function of the quench times δt for space-time dimensions
from d = 3 to d = 9. Note that in the plot, the expectation
values are multiplied by a numerical factor depending on the
dimension: σs = 2(2pi)
d/Ωd−2. The slope of the linear fit
in each case is shown in the brackets beside the labels. The
results support the power law relation 〈φ2〉ren ∼ δt−(d−4).
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FIG. 3: (Colour online) Scaled expectation value δt/m2 ×
〈φ2〉ren for d = 5. At early times, from top to bottom, the
solid curves correspond to δt = 1, 1/2, 1/5, 1/10, 1/20, 1/50,
1/100, 1/500. As δt gets smaller, the curves approach the
leading order solution (12) (shown with the dashed red line)
found with the κ expansion. The last solid curve correspond-
ing to δt = 1/500 essentially matches this analytic result.
As illustrated in fig. 3, this expression for the leading
order contribution reproduces the time-dependence of
〈φ2〉ren found numerically for very small δt. The general
scaling discovered previously can be seen by substituting
in the given mass profile (1), in which case eq. (12) yields
〈φ2〉ren ∼ m2/(δt)d−4 (13)
as the general scaling at leading order in the κ expansion.
Of course, this result matches the scaling of 〈φ2〉ren(t =
0) found numerically for small δt and it is also the scaling
behavior obtained in the holographic calculations for a
strongly coupled theory [9, 10]. The case of d = 3 can
also be treated separately and we obtain
〈φ2〉ren = Ωd−2
2(2pi)d−1
pi
4
m2δt log
(
1− tanh t/δt
2
)
, (14)
to leading order in δt.
For even d, the situation is similar but we find analyt-
ically the dependence with the renormalization scale k0.
The final result is
〈φ2〉ren = Ωd−2
2(2pi)d−1
(−1)d/2
2d−3
log(1/k0δt) ∂
d−4
t m
2(t) + · · · ,
(15)
where the ‘dots’ indicate terms independent of k0. Again,
this formula reproduces the scaling behaviour originally
found with holography, including an extra logarithmic
enhancement, i.e., 〈φ2〉ren ∼ log(1/δt)/δtd−4.
As an independent check of our results, we have con-
sidered the diffeomorphism Ward identity [9]
∂t〈E〉 = −〈O∆〉 ∂tλ , (16)
where E is the energy density. The energy density may
be evaluated independently [13] and comparing the re-
sults for the two sides of the above identity shows com-
plete agreement. We also note that these calculations
verify the quenches of the free scalar reproduce the scal-
ing 〈E〉 ∼ δλ2/δt2∆−d ∼ (m2)2/δtd−4, which was found
in the holographic analysis [9, 10].
Hence our analysis indicates that both 〈φ2〉ren and 〈E〉
diverge in the limit δt→ 0 for d ≥ 4. These divergences
suggest that infinitely fast quenches are physically in-
consistent, which creates a clear tension with previous
studies where an ‘instantaneous quench’ forms the start-
ing point of the analysis. Hence we close this section by
reconciling our results above with those for the instanta-
neous quenches studied in [3, 4]. To begin, consider the
momentum-space correlation function 〈φ(~k, t)φ(−~k, t′)〉.
This is equivalent to the correlation function of a sin-
gle harmonic oscillator with a time-dependent frequency
ω2(t) = k2 +m2(t) and the corresponding correlator ap-
pears in eq. (8) of [4] for an instantaneous quench. In
the present framework with finite δt, the corresponding
correlator is easily calculated using the Bogoliubov coeffi-
cients between the “in” and “out” modes for this problem
[11, 12]. In fact, we find that the resulting correlation
function for the smooth quenches reproduces precisely
that given in [4] for a particular δt → 0 limit, where
kδt  1, mδt  1 and δt  t, t′ [13]. Hence in this
respect, the infinitely fast limit of our smooth quenches
agrees with the instantaneous quenches of [3, 4].
However, a departure between the two approaches be-
comes apparent when considering correlation functions in
real-space. To obtain any real-space correlator, we need
to integrate the momentum-space correlators over all mo-
menta (up to some cutoff Λ). Hence in our approach
with finite δt, this integration will include contributions
of momentum-space correlators with kδt & 1 whereas
agreement with the instantaneous quench for these cor-
relators demands that kδt  1. Therefore, the instan-
taneous quench results for real-space correlators [3, 4]
will not appear as the limit of our results. However, one
may still expect that both approaches will yield the same
5results for certain infrared questions, e.g., late time cor-
relators for separations large compared to δt [13]. We
should add that much of [3, 4] focuses on lower dimen-
sions, e.g., d = 2, 3, where our analysis does not reveal
any divergences for the free scalar in the δt→ 0 limit.
3. Quenching a free fermionic field: Here we turn
to mass quenches for a free Dirac fermion ψ in a gen-
eral spacetime dimension d. The calculations fit these
quenches are completely analogous to those above for the
scalar field and so we only provide a sketch here, reserv-
ing the details for [13]. Applying the terminology of the
holographic studies [9, 10] here, the time-dependent cou-
pling is λ(t) = m(t) while the operator is O∆ = ψ¯ψ with
conformal dimension ∆ = d−1. Hence the scaling behav-
ior expected from the holographic results [9, 10] would be
〈O∆〉ren ∼ δλ/δt2∆−d = δλ/δtd−2.
As for the scalar, the present fermionic quenches can
be related to fermions (with constant mass) in a time-
dependent cosmological background [14]. In particular,
with the mass profile
m(t) =
m
2
(1− tanh t/δt ) , (17)
analytic solutions for the mode functions can be found.
The expectation value 〈ψ¯ψ〉 must again be renormal-
ized by subtracting various counterterm contributions, as
above. The resulting expression is easily evaluated nu-
merically and the results are shown in figure 4 for various
d. In particular, the figure indicates that the expected
scaling emerges for these quenches of free fermions, i.e.,
〈ψ¯ψ〉ren ∼ δt−(d−2). Again, for d = 2, the naive scal-
ing formula no longer applies and rather a logarithmic
scaling behaviour is found. The holographic analysis of
[9, 10] suggests a logarithmic enhancement should arise
in any even d. Unfortunately, fitting our numerical re-
sults is insensitive to these additional logarithmic factors
for d ≥ 3. However, we can demonstrate their presence
analytically, as will be described in [13].
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FIG. 4: (Colour online) Expectation value 〈ψ¯ψ〉ren(t = 0) as
a function of the quench times δt for space-time dimensions
from d = 2 to d = 7. Note that in the plot, the expectation
values are multiplied by a numerical factor depending on the
dimension: σf = (2pi)
(d−1)/2/Ωd−2. The slope of the linear fit
in each case is shown in the brackets beside the labels. The
results support the power law relation 〈ψ¯ψ〉ren ∼ δt−(d−2).
4. Interacting Theories: So far we showed that the
early time scaling that first appeared in holographic stud-
ies of quenches in strongly coupled theories [9, 10] also
emerges for mass quenches in free field theories. This re-
sult then suggests that this scaling actually applies quite
broadly and here we formulate a general argument for
this behaviour. Let us begin with a general quantum
field theory of the form
S = SCFT +
∫
ddxλ(t)O∆(x) (18)
where O∆ is a relevant operator with dimension ∆ <
d. To describe the quenches similar to those described
above, we choose the coupling λ(t) to have the form
λ(t) = δλ h(t/δt) (19)
where h(x) is a smooth function which rises from zero
to 1 and then returns to zero roughly over an interval
of width ∆x ∼ 1 centered around x = 0. Hence with
this protocol (19), the coupling λ(t) experiences a finite
pulse with an amplitude δλ in an time interval of width δt
centered around t = 0. Since the theory is critical both in
the past and future, i.e., outside of this interval, we can
reliably calculate the expectation value of the operator
using conformal perturbation theory,
〈O∆(0)〉 = 〈O∆(0)〉CFT − δλ
∫
ddxh(t/δt)GR(0, x)
+
δλ2
2
∫
ddxh(t/δt) ddx′ h(t′/δt)K(x, x′, 0) + · · ·(20)
where all the expectation values here are evaluated in
the critical theory SCFT. In particular then, since we
are considering a relevant operator, the expectation value
〈O∆(0)〉CFT vanishes. The second term above is the linear
response with the retarded correlator
GR(0, x) = iθ(t) 〈 [O∆(x),O∆(0)] 〉CFT . (21)
Similarly, the third term involves a suitably ordered cor-
relator of three insertions of O∆ [13]. Of course, the
expression (20) is UV divergent and we need to add coun-
terterms to extract out the finite renormalized expecta-
tion value. We will assume that this renormalization can
be carried out to yield a result which only depends on the
two (renormalized) parameters, δλ and δt. Implicitly, we
are assuming that the quench protocol does not lead to
any unconventional RG flows, as observed in [16, 17].
Now we observe that the final result is simply expressed
in terms the renormalized parameters, δλ and δt. How-
ever, since the CFT correlators are independent of both
of these parameters, δt must set the scale for the integrals
appearing in eq. (20) and hence dimensional analysis de-
mands that the final finite result must take the form
〈O∆(0)〉ren = a1 δλ δtd−2∆ + a2 δλ2 δt2d−3∆ + · · · (22)
where the constants an are finite numbers by assump-
tion. Hence we see the linear response term produces the
6desired scaling δλ/δt2∆−d, however, there is an infinite
series of nonlinear contributions modifying this result.
At this point, we note that the above series is better ex-
pressed in terms of a dimensionless effective coupling
g = δλ δtd−∆ , (23)
in terms of which, eq. (22) becomes
〈O∆(0)〉ren = (δt)−∆[ a1g + a2g2 + · · · ] . (24)
Now for the fast quenches studied here, we hold δλ fixed
while taking δt → 0 and therefore we are considering a
limit where the effective coupling (23) becomes vanishing
small, i.e., g → 0 since ∆ < d. Hence, in this limit,
it is precisely the first term, with the desired scaling,
which dominates the above expansion in powers of g and
the desired scaling will emerge for these pulsed quenches
irrespective of the details of the underlying CFT.
5. Conclusions: Recall that our counterterms were
constructed using an adiabatic expansion. The physical
intuition behind this approach is that the high momen-
tum modes do not care if the quench is fast or slow, as
long as the quench rate is smaller than the scale of the
cutoff. The quantum quenches considered in this Letter
are fast compared to the scale of the relevant coupling,
but slow compared to the scale of the cutoff. In fact,
implicitly, we take the cutoff scale Λ to infinity in renor-
malizing the physical observables. Therefore one would
expect that the UV effects can be removed by subtract-
ing the answer for slow quenches, which is of course the
adiabatic expansion. We have explicitly shown that this
intuition is correct for free fields. The holographic cal-
culation of [9, 10] indicates that this is valid for these
strongly coupled theories as well. While we do not have
a proof that this is also valid for arbitrary field theories,
we believe that it is a reasonable assumption to make.
It would be interesting to check if this is indeed true by
explicit calculations in interacting field theories, e.g., in
large-N vector models [18]. It would also be interesting
to study the early time scaling in quenches of systems
where the cutoff Λ remains finite. It is reasonable then to
expect that the scaling discussed here would only appear
as an approximate description when Λ 1/δt m.
In the limit of ‘infinitely fast’ quenches, our analysis
revealed that various divergences appear for ∆ > d/2,
suggesting that these processes can not actually be re-
alized. While these results naively appear to contradict
the analysis of ‘instantaneous’ quenches in e.g., [3–5], a
more detailed examination revealed that these are sim-
ply two different types of processes. In fact, the processes
described in [3–5] might better be thought of as the evo-
lution of a certain far-from-equilibrium initial state with
a fixed Hamiltonian.
To close, we showed in this Letter that both universal
scaling of fast quenches and regularization of time de-
pendent QFTs work even outside holography. It would
be interesting to further generalize these results to arbi-
trary CFTs using linear response theory and try to un-
derstand the concrete relation between our quenches and
other studies, e.g., in the lattice or in weakly interacting
theories. We hope to report on this in the near future.
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